Ten times at intervals of 1-2 months, individual treatment stages of two wastewater treatment plants (WWTPs) were analyzed for the five quantitatively most widely used phosphonates. The total dissolved concentration of the investigated phosphonates in the influents was between 131 µg/L and 384 µg/L. The nitrogen-free phosphonates 2-phosphonobutane-1,2,4-tricarboxylic acid (PBTC) and 1-hydroxyethylidene(1,1-diphosphonic acid) (HEDP) accounted for an average proportion of 83-85%. Diethylenetriaminepenta(methylene phosphonic acid) (DTPMP) contributed with 13-14%, whereas aminotris(methylphosphonic acid) (ATMP) (≤15 µg/L) and ethylenediaminetetra(methylene phosphonic acid) (EDTMP) (≤11 µg/L) contents detected in the WWTP influents were comparatively low. The application of new analytical methods allowed the quantification of phosphonates in the solid fraction of the WWTP influents for the first time. High loads of phosphonates were determined (223-2555 mg/kg), indicating that 20%-80% of the phosphonates are present in the adsorbed state. The removal of total dissolved phosphonate by secondary clarification was between 69.7% and 92.4% (medians: 90.7% and 87.7%). In both WWTPs, HEDP (medians: 89.2% and 86.4%) was slightly better eliminated than PBTC (medians: 87.2% and 82.5%). In the sand filtration stage of a WWTP, the average removal was not further improved. In contrast, an additional removal of dissolved phosphonates could be achieved by activated carbon treatment (median: 96.4%). The proportion of phosphonate-P in the dissolved unreactive phosphorus fraction was consistently between 10% and 40% throughout all treatment stages.
Introduction
Despite poor biodegradability, phosphonates are increasingly used as complexing agents in detergents, care and cleaning agents (DCC), and as industrial chemicals. The phosphonates most frequently contained in these products are 2-phosphonobutane-1,2,4-tricarboxylic acid (PBTC), 1-hydroxyethylidene(1,1-diphosphonic acid) (HEDP), aminotris(methylphosphonic acid) (ATMP), ethylenediaminetetra(methylene phosphonic acid) (EDTMP), and diethylenetriaminepenta-(methylene phosphonic acid) (DTPMP) ( Figure 1) [1]. In Germany, the phosphonate usage in domestic DCC products steadily increased 4.4-fold between 1989 (2000 t/a) and 2017 (8816 t/a) ( Figure A1) [2, 3] . Together with the use in other applications, e.g., in water treatment, surface coating processes, pulp and paper industry, and textile industry, the total annual use is estimated to add up to 94,000 t/a (in 2012) worldwide, which is about 1.7-fold higher than in 1998 (56,000 t/a) [1, 4, 5] . Phosphorus in wastewater can essentially be divided into three fractions using the molybdenum blue method and different sample pretreatment techniques. The concentration (c in mg/L) of the particulate P fraction (PP) corresponds to the difference between total P (sample digestion with persulfate and sulfuric acid) and dissolved P (total P of the membrane-filtered sample). The concentration of the dissolved unreactive phosphorus fraction (DUP) corresponds to the difference between dissolved P and ortho-phosphate-P (o-PO4-P, no pretreatment) [6] : c (PP) = c (total P) − c (dissolved P)
(1) c (DUP) = c (dissolved P) − c (o-PO4-P) (2) Phosphonates contribute to the PP and DUP fraction. The latter one has been observed with an increasing tendency in wastewater treatment plants (WWTPs) since the early 1980s, i.e., simultaneously with the beginning of the industrial use of phosphonates [7] . The removal of this phosphorus fraction is difficult to control for WWTP operators. Thus, the DUP fraction impedes the compliance with P limits. Until now, no studies on the phosphonate-P/DUP ratio or on the proportion of adsorbed phosphonates in municipal wastewater have been published. Phosphonates are known for their remarkable adsorption affinity towards mineral surfaces [8] [9] [10] . This is of particular interest in view of the high concentration of solids in municipal wastewater.
Phosphonates are demanding analytes, requiring special analytical methods and sample treatment. Consequently, few publications on the concentrations and behavior of phosphonates in WWTPs exist. Most of these describe field studies in which phosphonates were dosed into the influent in the mg/L-range in order to make them determinable with less sensitive analytical methods [11] [12] [13] [14] . Only four publications specify the actual concentrations of phosphonates in wastewater. However, in three of them the underlying analytical methods had comparatively high limits of detection (LOD) (25-40 µ g/L [15] and 15-57 µ g/L [14, 16] ). Thus, no information about the elimination of phosphonates in the trace-concentration range by tertiary treatment stages such as sand filtration and activated carbon treatment could be derived.
Furthermore, these publications only covered the dissolved concentrations of aminophosphonates in the influent and effluent. Only recently, two methods for the analysis of phosphonates with environmentally relevant limits of quantification (LOQs) have been published. The method by Wang et al. [17] , which is applicable to wastewater, is based on the pre-methylation of phosphonates and their detection using liquid chromatography coupled to orbitrap mass spectrometry (LC-Orbitrap MS/MS). ATMP, EDTMP, DTPMP, HDTMP, HEDP, and PBTC were investigated in the influent and effluent of three Chinese WWTPs [17] . The analytical method allowed the trace-determination of phosphonates (LOQs: 0.005 µ g/L PBTC, 0.010 µ g/L HEDP, 0.008 µ g/L ATMP, 0.020 µ g/L EDTMP, 0.200 µ g/L DTPMP) in the effluents and thus the derivation of the elimination rates (>95%) without artificial phosphonate-dosing of the influent. According to our knowledge, it represents the sole study covering the nitrogen-free phosphonates HEDP and PBTC. However, the method did not involve internal phosphonate standards and none of the previously described methods allowed the quantification of phosphonates in the solid fraction of wastewater. For the current study, the method by Armbruster et al. [18] was used, which allows the quantification Phosphorus in wastewater can essentially be divided into three fractions using the molybdenum blue method and different sample pretreatment techniques. The concentration (c in mg/L) of the particulate P fraction (PP) corresponds to the difference between total P (sample digestion with persulfate and sulfuric acid) and dissolved P (total P of the membrane-filtered sample). The concentration of the dissolved unreactive phosphorus fraction (DUP) corresponds to the difference between dissolved P and ortho-phosphate-P (o-PO 4 -P, no pretreatment) [6] :
Phosphonates contribute to the PP and DUP fraction. The latter one has been observed with an increasing tendency in wastewater treatment plants (WWTPs) since the early 1980s, i.e., simultaneously with the beginning of the industrial use of phosphonates [7] . The removal of this phosphorus fraction is difficult to control for WWTP operators. Thus, the DUP fraction impedes the compliance with P limits. Until now, no studies on the phosphonate-P/DUP ratio or on the proportion of adsorbed phosphonates in municipal wastewater have been published. Phosphonates are known for their remarkable adsorption affinity towards mineral surfaces [8] [9] [10] . This is of particular interest in view of the high concentration of solids in municipal wastewater.
Phosphonates are demanding analytes, requiring special analytical methods and sample treatment. Consequently, few publications on the concentrations and behavior of phosphonates in WWTPs exist. Most of these describe field studies in which phosphonates were dosed into the influent in the mg/L-range in order to make them determinable with less sensitive analytical methods [11] [12] [13] [14] . Only four publications specify the actual concentrations of phosphonates in wastewater. However, in three of them the underlying analytical methods had comparatively high limits of detection (LOD) (25-40 µg/L [15] and 15-57 µg/L [14, 16] ). Thus, no information about the elimination of phosphonates in the trace-concentration range by tertiary treatment stages such as sand filtration and activated carbon treatment could be derived.
Furthermore, these publications only covered the dissolved concentrations of aminophosphonates in the influent and effluent. Only recently, two methods for the analysis of phosphonates with environmentally relevant limits of quantification (LOQs) have been published. The method by Wang et al. [17] , which is applicable to wastewater, is based on the pre-methylation of phosphonates and their detection using liquid chromatography coupled to orbitrap mass spectrometry (LC-Orbitrap MS/MS). ATMP, EDTMP, DTPMP, HDTMP, HEDP, and PBTC were investigated in the influent and effluent of three Chinese WWTPs [17] . The analytical method allowed the trace-determination of phosphonates (LOQs: 0.005 µg/L PBTC, 0.010 µg/L HEDP, 0.008 µg/L ATMP, 0.020 µg/L EDTMP, 0.200 µg/L DTPMP) in the effluents and thus the derivation of the elimination rates (>95%) without artificial phosphonate-dosing of the influent. According to our knowledge, it represents the sole study covering the nitrogen-free phosphonates HEDP and PBTC. However, the method did not involve internal phosphonate standards and none of the previously described methods allowed the quantification of phosphonates in the solid fraction of wastewater. For the current study, the method by Armbruster et al. [18] was used, which allows the quantification of phosphonates from liquid and solid matrices. In combination with adapted sample preparation techniques, the method based on ion exchange chromatography coupled to tandem mass spectrometry with electrospray ionization (IC-ESI-MS/MS) involves isotope-labeled internal phosphonate standards and achieves low LOQs (surface water: 0.04-0.16 µg/L, wastewater: 0.6-2.3 µg/L, river sediment and suspended matter: <0.1 mg/kg, and solids of wastewater: <1 mg/kg).
Within the scope of this work, two WWTPs (one of which was equipped with additional sand filtration and, alternatively, activated carbon treatment) were selected for the monitoring of phosphonates. In order to establish a comprehensive phosphonate balancing within municipal wastewater (dissolved phosphonate and particle-bound phosphonate), the solid matter fraction of the WWTP influent was extracted and analyzed for phosphonates in the adsorbed state. The phosphonate-P/DUP ratio was determined for all WWTP stages. Monitoring of phosphonates in WWTPs has never before been performed on such a large time-scale, including all five most-frequently used phosphonates (based on real concentrations) in different treatment stages.
Materials and Methods

Sampling Concept
Overview
The two largest WWTPs of Stuttgart/Germany WWTP Stuttgart-Mühlhausen (WWTP1, 1.2 million population equivalents, 60 million m 3 /a wastewater, inflow: 1.5-7.5 m 3 /s) and WWTP Stuttgart-Möhringen (WWTP2, 160 thousand population equivalents, 6-7 million m 3 /a wastewater, inflow: 100-200 L/s) were sampled at 10 intervals of 1-2 months. Both WWTPs have anaerobic basins for enhanced biological phosphorus removal (EBPR) as well as chemical P precipitation ( Figure 2 ). WWTP2 is medium-sized, constructed in a typical setup (screen, sand/grease trap, primary sedimentation, denitrification/nitrification tanks, and secondary sedimentation) and represents an average WWTP. This WWTP was chosen in order to investigate the influence of phosphonates originating from domestic products because it is mainly fed with domestic wastewater with negligible industrial wastewater burden. WWTP1 belongs to the ten largest WWTPs in Germany. In this WWTP, a further treatment of the secondary effluent is routinely performed by an additional rapid sand filtration stage. At the time of sampling, a pilot plant was operated for the evaluation of an alternative secondary effluent treatment using powdered activated carbon. Separation of the activated carbon was achieved by flocculation using iron chloride sulfate and a two-layer filter (anthracite and quartz sand).
On each sampling date, the influent (liquid and solid phase in order to determine the load of adsorbed phosphonates in the influent), the primary effluent (only liquid phase here and hereafter), the secondary effluent, and, if applicable, the effluent of additional treatment stages were sampled ( Figure 2 ). On three sampling dates, the activated carbon plant was inactive (calendar week 07, 28, and 40). All samples were analyzed for the five phosphonates shown in Figure 1 , pH, concentration of total P, dissolved P and o-PO 4 -P (thus enabling the calculation of PP and DUP), and the solid matter content in the inflow. The sampling of both WWTPs was performed within the years 2016 and 2017 with the aim of covering an overall evenly distributed range throughout the calendar weeks.
negligible industrial wastewater burden. WWTP1 belongs to the ten largest WWTPs in Germany. In this WWTP, a further treatment of the secondary effluent is routinely performed by an additional rapid sand filtration stage. At the time of sampling, a pilot plant was operated for the evaluation of an alternative secondary effluent treatment using powdered activated carbon. Separation of the activated carbon was achieved by flocculation using iron chloride sulfate and a two-layer filter (anthracite and quartz sand).
Influent WWTP (Influent primary clarifier)
Coarse screen 
Liquid Samples
The samples were taken as 24-h composite samples by means of automatic samplers. The 24-h composite samples were collected in WWTP1 from 6:00 to 6:00 the following day and in WWTP2 from 8:00 to 8:00 accordingly. The samples were stored at 4 • C in the dark until phosphonate analysis. Phosphonates proved to be stable for a prolonged period of time under these conditions [15] .
Solids Extraction from WWTP Influent Samples
Approximately 500 mL of the homogenized WWTP influent sample was centrifuged at 20,000 rpm using a laboratory centrifuge (Sorvall RC-5B Refrigerated Superspeed Centrifuge, Thermo Fisher Scientific, Waltham, MA, USA). The supernatant was decanted and the solid phase was freeze-dried using the freeze-dryer Alpha 2-4 (Christ, Osterode am Harz, Germany). All solids were stored in plastic boxes at room temperature.
Analytical Methods
pH Determination
The pH was determined by using the pH electrode SenTix 41 and the pH 340i meter (both: WTW GmbH, Weilheim, Germany).
Solids Concentration
The determination of the solids concentration of the WWTP influents was carried out as follows: Filtration of a defined volume of homogenized sample by means of a cellulose-nitrate filter with 0.45 µm pore width; weighing of the dry filter before and after use; calculation of the quotient of the filter load and sample volume. heating block HT200S or LT200 (both: HachLange, Berlin, Germany). Values of <0.05 mg/L P were determined according to ISO 6878 (molybdenum blue method using 10 cm measuring cuvettes, LOQ: 5 µg/L, LOD: 1 µg/L) [19] . The ISO specifically mentions that for some polyphosphonic acids up to 90 min of digestion are required. Furthermore, it was shown for all five phosphonates in Figure 1 that a total oxidation of organic P to phosphate-P is ensured with K 2 S 2 O 8 and H 2 SO 4 as proposed by ISO 6878 and applied in the cuvette rapid tests [20] . For the determination of dissolved P and o-PO 4 -P, the samples were filtered prior to digestion and analysis (cellulose-nitrate membrane filter with 0.45 µm pore width). Double determinations were performed for all parameters.
Sample Preparation for Phosphonate Analysis
The background and validation of the sample preparation techniques used for this study have already been presented in detail by Armbruster et al. [18] in another publication. In this paragraph, this preparation technique is described briefly. The dissolved phosphonate content of wastewater samples allowed the direct determination after sample treatment involving filtration (syringe filter, 0.45 µm), addition of isotope-labeled internal standard and a cation exchange step (AG MP-50; Bio-Rad Laboratories GmbH, Munich, Germany). Solid samples from WWTPs (0.05 g) were mixed with isotope-labeled internal standard solution and, after 1 h of equilibration time, digested with an extraction medium (15 mL) containing sodium hydroxide (0.5 mol/L) and nitrilotriacetic acid trisodium salt (NTA; 0.1 mol/L) in an ultrasonic bath for 1 h at 50 • C. After centrifugation and separation of the supernatant, the extraction step was repeated. The supernatants were combined at equal proportions and quantified by IC-ESI-MS/MS after cation exchange.
Phosphonate Quantification via IC-ESI-MS/MS
The analysis was carried out via anion exchange chromatography in accordance with Armbruster et al. [18] . The method involves a ten-minute washing step with dilute eluent (18 mmol/L sodium hydroxide) immediately after injection for the chromatographic separation of interfering anions with low charge and NTA (present in the extracts of solid samples), followed by a sodium hydroxide gradient with a constant proportion of 20% methanol and detection via ESI-MS/MS. This chromatography was applied uniformly to all samples. The phosphonate concentrations of wastewater samples and the extracts of solid samples allowed the determination of the target analytes by direct measurement at an injection volume of 25 µL (LOQs: 0.9 µg/L PBTC, 1.1 µg/L HEDP, 0.6 µg/L ATMP, 1.4 µg/L EDTMP, 2.3 µg/L DTPMP). Reliability and robustness of the method are significantly enhanced by the use of isotope-labeled internal standards and were described in detail in the respective publication.
Results and Discussion
Dissolved and Adsorbed Phosphonates in WWTP Influents
The diagrams in the top row of Figure The ATMP (<0.6-15 µ g/L) and EDTMP (<1.4-11 µ g/L) contents detected throughout all twenty samples in the WWTP influents were lower than the contents of ATMP (20-250 µ g/L) and EDTMP (30-65 µ g/L) detected by Nowack [16] in randomly analyzed influents of seven Swiss WWTPs. The same applies for the concentrations of ATMP (60-330 µ g/L) determined by Nowack [14] in a German WWTP and EDTMP (167 µ g/L) detected by Fürhacker et al. [15] in an Austrian WWTP. In the current study, however, DTPMP, HEDP, and PBTC were found in comparable concentrations.
HEDP was determined at similar predominant concentration levels in WWTP1 (57-231 µ g/L) and WWTP2 (60-195 µ g/L). The concentrations of PBTC, the second most abundant phosphonate, were slightly lower in WWTP2 (WWTP1: 57-119 µ g/L; WWTP2: 22-93 µ g/L). DTPMP was the third most represented phosphonate in both WWTPs (WWTP1: 15-71 µ g/L; WWTP2: 14-57 µ g/L). None of the results obtained during the course of this study approximated Nowack's [16] record of 1030 µ g/L DTPMP in a WWTP influent strongly influenced by the textile industry and the record of 7200 µ g/L ATMP in heavily industrially polluted wastewater by Wang et al. [17] .
Nowack [16] concluded that phosphonate concentrations in the influents of WWTPs are strongly influenced by industrial facilities in the catchment area of the WWTPs. Interestingly, however, in The ATMP (<0.6-15 µg/L) and EDTMP (<1.4-11 µg/L) contents detected throughout all twenty samples in the WWTP influents were lower than the contents of ATMP (20-250 µg/L) and EDTMP (30-65 µg/L) detected by Nowack [16] in randomly analyzed influents of seven Swiss WWTPs. The same applies for the concentrations of ATMP (60-330 µg/L) determined by Nowack [14] in a German WWTP and EDTMP (167 µg/L) detected by Fürhacker et al. [15] in an Austrian WWTP. In the current study, however, DTPMP, HEDP, and PBTC were found in comparable concentrations.
HEDP was determined at similar predominant concentration levels in WWTP1 (57-231 µg/L) and WWTP2 (60-195 µg/L). The concentrations of PBTC, the second most abundant phosphonate, were slightly lower in WWTP2 (WWTP1: 57-119 µg/L; WWTP2: 22-93 µg/L). DTPMP was the third most represented phosphonate in both WWTPs (WWTP1: 15-71 µg/L; WWTP2: 14-57 µg/L). None of the results obtained during the course of this study approximated Nowack's [16] record of 1030 µg/L DTPMP in a WWTP influent strongly influenced by the textile industry and the record of 7200 µg/L ATMP in heavily industrially polluted wastewater by Wang et al. [17] .
Nowack [16] concluded that phosphonate concentrations in the influents of WWTPs are strongly influenced by industrial facilities in the catchment area of the WWTPs. Interestingly, however, in WWTP2, which is almost exclusively fed by municipal wastewater, the total phosphonate content (131-313 µg/L) was similar to WWTP1 (162-384 µg/L), which has a moderate industrial wastewater burden.
The comparatively high contribution of PBTC (24-31% by weight) and HEDP (54-59%) to the total phosphonate content is striking. Nitrogen-free phosphonates thus accounted for 83-85% of the total dissolved phosphonate in both WWTP feeds. DTPMP was present with an average proportion of 13-14%. According to EPA [1] and Groß et al. [21] , HEDP is mainly used in consumer detergents such as surface cleaners, dishwashing detergents and powder detergents, whereas PBTC is used in sanitizing agents and cleaners (not detergents). DTPMP is mainly used in liquid detergents and industrial cleaners [21] . Since the wastewater of WWTP2 mainly has a municipal origin, the detected phosphonates may therefore mainly be traced back to domestic wastewater.
The solids in the influent of the WWTPs had surprisingly high phosphonate loads (WWTP1: 223-1136 mg/kg with an outlier at 2555 mg/kg, WWTP2: 234-862 mg/kg; Figure 3 , middle row). The loads observed in WWTP1 showed more fluctuation as the dissolved concentrations. Those samples taken in 2016 (CW31, CW40, and CW47 for WWTP1 and CW50 for WWTP2) had slightly lower phosphonate concentrations and loads, which correlates with the increased use of phosphonates in DCC products ( Figure A1 ). Furthermore, a shift in the concentration profile was observed: With an average share of 79-80% of the total phosphonate load, HEDP was even more predominant in the solid fraction of both WWTP influents. Simultaneously, DTPMP (11-14%) made up for a larger proportion than PBTC (5-6%) in terms of load. This observation is interesting because it implies that PBTC has a weaker adsorption affinity towards solids in the WWTP influent than HEDP and DTPMP.
Solids in the WWTP influent are usually composed of sand, feces, food residues, paper, and mineral components. Sand has a smooth surface with low porosity. Fischer [9] investigated the adsorption of HEDP on various soils and sediments and found that the sand content negatively correlated with the binding capacity for HEDP, whereas the presence of metal oxides/hydroxides and organic carbon had an enhancing effect. The WWTP influent samples of WWTP1 were taken behind the grease trap, while the WWTP2 influent samples were taken before the grease trap. However, there was no significant difference in the phosphonate loads between the two WWTP influents. This is in agreement with the findings of Fischer [9] indicating that the phosphonates in the WWTP feed are not adsorbed on sand but on other very fine, fibrous, and voluminous solid components.
Primary sludge is known to contain metals in precipitated, insoluble form: Calcium with >20,000 mg/kg is the most abundant metal in primary sludge [22] . Aluminum and iron follow with contents generally at 4500 mg/kg-14,000 mg/kg [23] , followed by Zn, Mn, Cu, Pb, and Cr between 10 mg/kg and 1000 mg/kg each [24] . Phosphonates adsorb preferably on mineral surfaces such as calcite [25] , aluminum oxide [26] , iron oxide [10] , zinc oxide [27] , and hydroxyapatite [28] . It appears likely that the phosphonates adsorbed in the WWTP influent are thus predominantly bound to the abundant metal (hydr)oxide flocks, which in return may be bound to, e.g., cellulose fibers.
Both Nowack and Stone [10] and Rott et al. [29] observed a decreasing adsorption affinity of polyphosphonates towards iron hydroxide with increasing molecular weight and number of phosphonate groups: HEDP (206.03 g/mol) > ATMP (299.05 g/mol) > EDTMP (436.12 g/mol) > DTPMP (573.20 g/mol). It is likely that this pattern also applies to the majority of other adsorbents, e.g., calcium-containing materials. As mentioned above, however, the rather small PBTC molecule (270.13 g/mol) appeared to have a lower adsorption affinity towards solids in WWTP influent than the large DTPMP molecule. In contrast to aminophosphonates, PBTC has three carboxyl groups and only one phosphonate group. To better understand the comparatively low adsorption affinity of PBTC, it is therefore essential to compare the adsorption affinity of carboxyl groups with that of phosphonate groups. Fischer [8, 9] and Steber and Wierich [30, 31] investigated the adsorption of NTA and ATMP on various metal oxide containing sediments, clay minerals, and soils. NTA is a structure homolog of ATMP ( Figure 1 ) carrying carboxyl groups instead of phosphonate groups. ATMP showed significantly enhanced adsorption, implying that phosphonate groups cause stronger adsorption than carboxyl groups. This may explain the weaker adsorption for PBTC in contrast to the aminopolyphosphonates.
The product of the solid matter concentration in the WWTP influent (in mg/L; Figure A2 ) and the phosphonate load (transformed into µg/mg; Figure 3 , middle row) corresponds to the mass concentration (in µg/L) of the adsorbed phosphonates present in the WWTP influent: 51-693 µg/L (WWTP1; outlier: 1206 µg/L) and 69-235 µg/L (WWTP2). Consequently, the relative proportions of adsorbed and dissolved phosphonates may be compared (Figure 3, bottom row) . The proportion of adsorbed phosphonate in the WWTP1 influent varied between 20% and 80%. This strong variation correlated with the respective solid matter concentration. In the influent of WWTP2 it varied between 25% and 50%. The high proportion of adsorbed phosphonate is remarkable and illustrates that the load of adsorbed phosphonates must be considered in order to establish a comprehensive phosphonate balancing. During this work, this was only determined for the WWTP influents. Future investigations should therefore consider the content of adsorbed phosphonate in the effluents of different treatment stages. Figure 4 summarizes the concentrations of dissolved phosphonates in the different treatment stages of both WWTPs. The relative dissolved analyte concentrations were similar to each other throughout the course of the year, which is why the values derived from 10 sampling dates are shown as boxplots. The ordinate scaling was adapted to the respective phosphonate.
Phosphonates in Individual Treatment Stages
Primary Clarification
No significant removal of the dissolved phosphonates took place during primary treatment. In some cases, a slight increase in phosphonate levels has even been recorded. This indicates a desorption of adsorbed phosphonates and is quite in line with the findings of Section 3.1, in which it was shown that a considerable proportion of phosphonates is adsorbed in the WWTP influent. The desorption may be explained by the disintegration of adsorbent particles and/or the slight shift of pH into the alkaline range during primary clarification ( Figure A3 ). Phosphonates tend to desorb as the pH raises due to elevated electrostatic charge repulsion between the increasingly negatively charged particle surface and phosphonate species [10] .
Secondary Clarification
In contrast to primary treatment, much lower concentrations of dissolved phosphonates were determined in the secondary effluent. The concentrations of the individual phosphonates are depicted in Figure 5 with identical ordinate scaling for intuitive comparison. The total phosphonate concentrations were in the same order of magnitude for both WWTPs (WWTP1: 13-59 µg/L; WWTP2: 26-40 µg/L). In particular the nitrogen-free HEDP and PBTC are thus in a similar concentration range as trace substances typically found in European WWTPs such as acetaminophen, codeine, ibuprofen, naproxen, carbamazepine, and acesulfame, when present at high concentration levels [32] . In the only previously published investigations on real phosphonate concentrations in the effluents of European municipal WWTPs (determined without spiking of the influent), Nowack [14, 16] determined phosphonate concentrations generally below the LOD. However, these LODs (ATMP = 15 µg/L, EDTMP = 21 µg/L, and DTPMP = 57 µg/L) were higher than in this work and the nitrogen-free phosphonates HEDP and PBTC were not covered. The effluent concentrations of aminophosphonates determined by Nowack [14, 16] are therefore consistent with the results of this work.
The adsorbed phosphonates in the secondary effluent were not analyzed. Nevertheless, the very low PP concentration in the secondary effluent (WWTP1: 0.02-0.23 mg/L; WWTP2: 0.09-0.37 mg/L) in comparison to the primary effluent (WWTP1: 0.98-3.55 mg/L; WWTP2: 0.97-3.50 mg/L) indicates a high elimination rate of particle-bound phosphorus and thus of particle-bound phosphonates ( Figure A4 ).
The elimination rates of dissolved total phosphonate, HEDP, and PBTC by individual treatment stages of both WWTPs are shown in Figure 6 . The total phosphonate elimination by secondary treatment in WWTP1 was between 78.6% and 92.4% (median: 90.7%). In WWTP2, it was slightly lower (69.7-89.9%, median: 87.7%). In the majority of samples, the secondary effluent concentrations of ATMP (elimination rates: WWTP1: >47.4% to >96.0%, WWTP2: >49.6% to >91.5%), EDTMP (WWTP1: >3.4% to >70.2%, WWTP2: >1.4% to >86.8%), as well as DTPMP in some samples (WWTP1: 72.3% to >96.1%, WWTP2: >83.7% to >96.0%) were below the LOQ, which is why only minimum degrees of elimination could be derived. Aminophosphonates are therefore not listed in Figure 6 . HEDP (WWTP1: 83.7-95.4%, median: 91.5%; WWTP2: 57.3-89.8%, median: 86.4%) was eliminated slightly better than PBTC (WWTP1: 64.1-90.5%, median: 87.0%; WWTP2: 37.0-89.3%, median: 82.5%). Nevertheless, the HEDP effluent concentration in WWTP2 was significantly higher than that of PBTC ( Figure 5 ). The degree of elimination is therefore not the sole criterion for the emissivity of phosphonates by WWTPs and should therefore always be considered in relation to the initial and discharge concentration. Furthermore, it is striking that, in contrast to aminophosphonates, the elimination rate of PBTC during secondary treatment never exceeded 91%. In particular the nitrogen-free HEDP and PBTC are thus in a similar concentration range as trace substances typically found in European WWTPs such as acetaminophen, codeine, ibuprofen, naproxen, carbamazepine, and acesulfame, when present at high concentration levels [32] . In the only previously published investigations on real phosphonate concentrations in the effluents of European municipal WWTPs (determined without spiking of the influent), Nowack [14, 16] determined phosphonate concentrations generally below the LOD. However, these LODs (ATMP = 15 µg/L, EDTMP = 21 µg/L, and DTPMP = 57 µg/L) were higher than in this work and the nitrogen-free phosphonates HEDP and PBTC were not covered. The effluent concentrations of aminophosphonates determined by Nowack [14, 16] are therefore consistent with the results of this work.
The elimination rates of dissolved total phosphonate, HEDP, and PBTC by individual treatment stages of both WWTPs are shown in Figure 6 . The total phosphonate elimination by secondary treatment in WWTP1 was between 78.6% and 92.4% (median: 90.7%). In WWTP2, it was slightly lower (69.7-89.9%, median: 87.7%). In the majority of samples, the secondary effluent concentrations of ATMP (elimination rates: WWTP1: >47.4% to >96.0%, WWTP2: >49.6% to >91.5%), EDTMP (WWTP1: >3.4% to >70.2%, WWTP2: >1.4% to >86.8%), as well as DTPMP in some samples (WWTP1: 72.3% to >96.1%, WWTP2: >83.7% to >96.0%) were below the LOQ, which is why only minimum degrees of elimination could be derived. Aminophosphonates are therefore not listed in Figure 6 . HEDP (WWTP1: 83.7-95.4%, median: 91.5%; WWTP2: 57.3-89.8%, median: 86.4%) was eliminated slightly better than PBTC (WWTP1: 64.1-90.5%, median: 87.0%; WWTP2: 37.0-89.3%, median: 82.5%). Nevertheless, the HEDP effluent concentration in WWTP2 was significantly higher than that of PBTC ( Figure 5 ). The degree of elimination is therefore not the sole criterion for the emissivity of phosphonates by WWTPs and should therefore always be considered in relation to the initial and discharge concentration. Furthermore, it is striking that, in contrast to aminophosphonates, the elimination rate of PBTC during secondary treatment never exceeded 91%.
Water 2020, 12, x FOR PEER REVIEW 11 of 19 Figure 6 . Elimination rates of dissolved phosphonates in consecutive treatment stages of the two WWTPs investigated (boxplots: minimum, first quartile, median, third quartile, maximum). The exact degrees of aminotris(methylphosphonic acid) (ATMP), ethylenediaminetetra(methylene phosphonic acid) (EDTMP), and diethylenetriaminepenta(methylene phosphonic acid) (DTPMP) elimination could not be calculated since the concentrations determined in the secondary effluent and tertiary effluent were frequently below the limits of quantification (LOQ).
PBTC thus appears to be the phosphonate with the lowest elimination, yet present in significant concentrations in the WWTP influent. For this phosphonate, on one day in CW05, even an elimination as low as 37% was found in WWTP2. At this sampling, the wastewater temperature (8.8 °C) was the lowest of all samplings (all other wastewater temperatures were >11 °C). The adsorption of phosphonates onto metal (hydr)oxides is enhanced at elevated temperatures and attenuated at lower temperatures [33] . Assuming the elimination of phosphonates in WWTPs is mainly attributed to adsorption on activated sludge and on metal (hydr)oxide flocks, this observation appears plausible. Indications for the lower elimination of PBTC, as compared to polyphosphonates, have already been derived from laboratory tests investigating the adsorption of phosphonates on activated sludge. Reichert [7] and Metzner and Nägerl [34] determined maximum PBTC adsorption rates of 50%, while aminophosphonates were found to adsorb to a higher extent [35] . In laboratory tests, PBTC even showed a slight tendency towards desorption (about 30%) from digested sludge under anaerobic conditions [7] , implying a possible accumulation of PBTC in the WWTP. Possible reasons for the weaker adsorption of PBTC are discussed in Section 3.1.
DTPMP belongs to the best investigated phosphonates with published elimination rates of >90% [11] , 95-97% [14] , 85% [16] , and 99.3% [17] . Only the last two results derive from studies involving real DTPMP concentrations without artificial dosing. The high removal rates were generally confirmed in the current study. However, elimination rates as low as 72.3% were also observed.
The elimination of HEDP in European WWTPs has been previously investigated in two field studies involving spiking of the influent. In these studies, the elimination significantly differed (25-70% [12] and >90% [13] ). Possibly, the relatively low HEDP elimination found by Metzner [12] could be ascribed to missing P precipitation. In a recent Chinese study, elimination rates of 98.2-99.4% in three WWTPs were reported for HEDP in the trace-concentration range of unspiked wastewater [17] . The authors stated that two of the WWTPs were operated with the coagulation process. The one WWTP with the highest initial HEDP concentration of 5 mg/L was set up based on acidificationanaerobic/oxic-air flotation treatment (no coagulation mentioned). The difference in elimination as compared to the current study can be influenced by many factors such as adaption of activated sludge, composition of wastewater, and process control of the WWTP.
At present, very little is known about the actual elimination process of phosphonates in WWTPs. Three elimination mechanisms have been presumed, which are briefly discussed below: (1) Microbial PBTC thus appears to be the phosphonate with the lowest elimination, yet present in significant concentrations in the WWTP influent. For this phosphonate, on one day in CW05, even an elimination as low as 37% was found in WWTP2. At this sampling, the wastewater temperature (8.8 • C) was the lowest of all samplings (all other wastewater temperatures were >11 • C). The adsorption of phosphonates onto metal (hydr)oxides is enhanced at elevated temperatures and attenuated at lower temperatures [33] . Assuming the elimination of phosphonates in WWTPs is mainly attributed to adsorption on activated sludge and on metal (hydr)oxide flocks, this observation appears plausible. Indications for the lower elimination of PBTC, as compared to polyphosphonates, have already been derived from laboratory tests investigating the adsorption of phosphonates on activated sludge. Reichert [7] and Metzner and Nägerl [34] determined maximum PBTC adsorption rates of 50%, while aminophosphonates were found to adsorb to a higher extent [35] . In laboratory tests, PBTC even showed a slight tendency towards desorption (about 30%) from digested sludge under anaerobic conditions [7] , implying a possible accumulation of PBTC in the WWTP. Possible reasons for the weaker adsorption of PBTC are discussed in Section 3.1.
The elimination of HEDP in European WWTPs has been previously investigated in two field studies involving spiking of the influent. In these studies, the elimination significantly differed (25-70% [12] and >90% [13] ). Possibly, the relatively low HEDP elimination found by Metzner [12] could be ascribed to missing P precipitation. In a recent Chinese study, elimination rates of 98.2-99.4% in three WWTPs were reported for HEDP in the trace-concentration range of unspiked wastewater [17] . The authors stated that two of the WWTPs were operated with the coagulation process. The one WWTP with the highest initial HEDP concentration of 5 mg/L was set up based on acidification-anaerobic/oxic-air flotation treatment (no coagulation mentioned). The difference in elimination as compared to the current study can be influenced by many factors such as adaption of activated sludge, composition of wastewater, and process control of the WWTP.
At present, very little is known about the actual elimination process of phosphonates in WWTPs. Three elimination mechanisms have been presumed, which are briefly discussed below: (1) Microbial degradation, (2) adsorption on microbial activated sludge or on mineral precipitates bound to activated sludge, e.g., metal (hydr)oxides, (3) adsorption due to the dosing of precipitants during wastewater treatment, such as iron hydroxide or iron phosphate.
On (1): Schowanek and Verstraete [36] and Raschke et al. [37] showed that, despite ubiquitous occurrence, the proportion of PBTC-and polyphosphonate-degrading microorganisms is very small, even in activated sludge. Beyond this, the degradation of phosphonates is strongly inhibited by the presence of easily utilizable inorganic phosphate, which is abundantly present in municipal wastewater. Various standard methods on the investigation of biological phosphonate degradation, based on the monitoring of CO 2 evolution, have been applied. A total mineralization of phosphonates either by activated sludge or digested sludge is not to be expected within several weeks [30, 31, 38] . Thus, adsorption is expected to predominantly contribute to the observed elimination.
On (2) and (3): The small number of studies on the elimination of phosphonates in WWTPs allows only little conclusions to be drawn about the actual adsorption process onto activated sludge. Most of the WWTPs investigated had a simultaneous chemical P precipitation or the laboratory studies did not indicate whether the analyzed activated sludge derived from WWTPs with simultaneous chemical P precipitation [13, 15, 16, 35] . An indication for a possibly high elimination rate of DTPMP without P precipitation is pointed out by Nowack [14] . In this field study, 95% of DTPMP was eliminated solely by biological treatment. The elimination was increased up to 97% by means of aluminum dosing. In contrast to this, HEDP and ATMP could not be eliminated by more than 70% without P precipitation in the field studies of Metzner [12] . Chemical P precipitation was performed by the two WWTPs investigated in the current study, which is why no distinctive conclusion can be derived here with this regard as well. The difference in phosphonate elimination efficiency between WWTPs applying and not applying chemical precipitation has therefore yet to be elucidated. The two examples [12, 14] imply that this may vary for different phosphonates too.
Tertiary Treatment
The special situation in WWTP1 allowed the investigation of phosphonate elimination by two additional treatment stages following secondary clarification. Generally, the sand filtration stage did not increase the average removal rate by more than 0.2 percentage points compared to secondary treatment. In case of HEDP, a slight increase of the dissolved concentration was even observed (medians: 90.7% total phosphonate elimination by secondary clarification vs. 90.5% total phosphonate elimination by sand filtration; 87.0% vs. 87.2% PBTC elimination; 91.5% vs. 89.2% HEDP elimination; 89.1% vs. 90.5% DTPMP elimination; in most cases, the ATMP and EDTMP concentrations were below the LOQ after secondary treatment). The scant elimination by sand filtration was also reflected by the insignificant change of total dissolved phosphonate concentration between secondary clarification and sand filtration (secondary effluent: 13-59 µg/L; sand filtration effluent: 12-66 µg/L). This observation is in conformance with the function of sand filtration, mainly targeting at the physical removal of solid particles (23-227 µg/L PP fraction in the secondary effluent vs. 6-57 µg/L PP fraction in the sand filtration effluent; Figure A4 ). As discussed in Section 3.1, phosphonates are not expected to significantly adsorb on sand, gravel, and slate, as these materials have a smooth surface.
In contrast to the sand filtration stage, an additional removal of the dissolved phosphonates was observed by activated carbon treatment (medians: 90.7% total phosphonate elimination by secondary clarification vs. 96.4% total phosphonate elimination by activated carbon treatment; 87.0% vs. 96.9% PBTC elimination; 91.5% vs. 93.7% HEDP elimination; 89.1% vs. 92.7% DTPMP elimination; in most cases the ATMP and EDTMP concentrations were below the LOQ after secondary treatment).
Noteworthy, the minimum elimination rate of the nitrogen-free phosphonates after the activated carbon treatment exceeded 90% during all sampling dates, indicating a high stability and efficiency of the process. The activated carbon treatment significantly contributed to the reduction of the total dissolved phosphonate concentration (secondary clarification: 13-59 µg/L; activated carbon treatment: 7-25 µg/L). The dissolved phosphonate-P after the activated carbon treatment amounted to only 2-6 µg/L (median: 3 µg/L), approximately half the amount recorded in the secondary effluent (2-13 µg/L, median: 7 µg/L). At the same time, the elimination of the PP fraction by the activated carbon treatment proved inferior compared to the sand filtration (6-57 µg/L PP fraction in the sand filtration effluent vs. 11-80 µg/L PP fraction after activated carbon treatment; Figure A4 ). Despite of the very efficient elimination of dissolved phosphonates, thus, a somewhat lower elimination of adsorbed phosphonates may have simultaneously occurred during the activated carbon treatment. Since the phosphonate content of the particulate phase was only determined for the influent of the WWTPs, this circumstance remains yet to be elucidated.
At pH 7.0-7.5, the load of ATMP on powdered activated carbon (<10 mg/g) [39] was found to be significantly lower than on iron hydroxide granulate (~30 mg/g; initial pH 8.3) [40] or freshly precipitated iron (hydr)oxide flocks (~120 mg/g FeOOH) [29] . A metal-containing flocculant (iron chloride sulfate) was added to promote the separation of activated carbon from the water. It is therefore more likely that the increased elimination in this stage was due to preferred phosphonate adsorption onto abundant polar iron hydroxide flocks.
Contribution of Phosphonate-P to the DUP Fraction
In both WWTPs, the concentration of the DUP fraction strongly dropped between influent and effluent (median DUP concentrations: 0.44 mg/L in WWTP1 influent and 0.031 mg/L in WWTP1 effluent; 0.24 mg/L in WWTP2 influent and 0.042 mg/L in WWTP2 effluent; Figure A4 ). In most samples, the contribution of phosphonate-P to the DUP fraction was between 10% and 30% (WWTP1) and between 15% and 40% (WWTP2) and therefore significant (Figure 7) . Two times the maximum ratio was almost 100% (effluent activated carbon and influent WWTP2). In both cases, the lowest DUP concentrations of all 10 samples at atypically high phosphonate concentrations were measured. The DUP concentration is calculated from two values, which themselves can have minor errors. It is therefore also possible that an exceptionally slightly incorrect determination of the DUP concentration may have occurred in these samples. The relative proportion remained in a comparable range throughout all stages of the wastewater treatment process, implying that the elimination of DUP correlates well with the elimination of dissolved phosphonates. (2-13 µ g/L, median: 7 µ g/L). At the same time, the elimination of the PP fraction by the activated carbon treatment proved inferior compared to the sand filtration (6-57 µ g/L PP fraction in the sand filtration effluent vs. 11-80 µ g/L PP fraction after activated carbon treatment; Figure A4 ). Despite of the very efficient elimination of dissolved phosphonates, thus, a somewhat lower elimination of adsorbed phosphonates may have simultaneously occurred during the activated carbon treatment.
Since the phosphonate content of the particulate phase was only determined for the influent of the WWTPs, this circumstance remains yet to be elucidated.
In both WWTPs, the concentration of the DUP fraction strongly dropped between influent and effluent (median DUP concentrations: 0.44 mg/L in WWTP1 influent and 0.031 mg/L in WWTP1 effluent; 0.24 mg/L in WWTP2 influent and 0.042 mg/L in WWTP2 effluent; Figure A4 ). In most samples, the contribution of phosphonate-P to the DUP fraction was between 10% and 30% (WWTP1) and between 15% and 40% (WWTP2) and therefore significant (Figure 7) . Two times the maximum ratio was almost 100% (effluent activated carbon and influent WWTP2). In both cases, the lowest DUP concentrations of all 10 samples at atypically high phosphonate concentrations were measured. The DUP concentration is calculated from two values, which themselves can have minor errors. It is therefore also possible that an exceptionally slightly incorrect determination of the DUP concentration may have occurred in these samples. The relative proportion remained in a comparable range throughout all stages of the wastewater treatment process, implying that the elimination of DUP correlates well with the elimination of dissolved phosphonates. Investigations on the purity of phosphonate-based antiscalants have shown that a significant proportion of the phosphorus within technical phosphonate solutions may be present in the form of organophosphorus synthesis by-products [41] . For instance, this proportion of structurally related compounds, belonging to the chemical group of phosphonic acids, may account for over 50% of the Investigations on the purity of phosphonate-based antiscalants have shown that a significant proportion of the phosphorus within technical phosphonate solutions may be present in the form of organophosphorus synthesis by-products [41] . For instance, this proportion of structurally related compounds, belonging to the chemical group of phosphonic acids, may account for over 50% of the total phosphorus within technical DTPMP. During the current study, only the nominal phosphonate components and not their synthesis by-products or degradation products were monitored. Taking also into account that phosphonates can be subject to abiotic transformation [35] , the proportion of this extended group of phosphonates in the DUP fraction may be significantly higher.
The concentrations and proportions of phosphonates adsorbed to solids in the effluents of the various treatment stages were not determined within the scope of this study. For this reason, no exact statement can be made about the phosphonate-P/PP ratios. The phosphonate loads of activated sludge are expected to be significant. A Europe-wide balancing of phosphonate freights implied an estimated average sewage sludge load of 1.2-1.5 g/kg [35] . Since the drift of activated sludge particles originating from the secondary treatment makes up for the major part of the solids occurring in the WWTP effluents, the quantification of adsorbed phosphonates should be considered in future investigations.
Worldwide, more and more countries are aiming at increasingly stringent total P limit values for WWTPs, in some cases even down to 0.2 mg/L. Figure A4 shows that currently phosphate-P usually accounts for the largest proportion of total P in the WWTP effluent. This fraction may be reduced by more efficient chemical precipitation, filtration, or EBPR. If the DUP fraction cannot be further eliminated in a similar extent and the use of phosphonates is further increased in the future, phosphonates, their synthesis by-products and metabolites may become more relevant for WWTP operators, despite the seemingly low proportion of phosphonate-P in total P (in WWTP1 effluent: 0.6-7.2%, median: 1.6%; in WWTP2 effluent: 1.1-4.1%, median: 1.9%). This might especially be the case for heavily industrially burdened WWTPs less equipped with P removal processes.
Conclusions
The recent development of analytical methods suited for the determination of phosphonates from matrix-burdened samples allowed the first comprehensive monitoring of the five most widely used phosphonates throughout the process of wastewater treatment and their balancing in the liquid and solid phases of wastewater. Solids in the influent of two WWTPs contained high phosphonate loads (223-2555 mg/kg). The proportion of adsorbed phosphonate in the influent varied between 20% and 80%, demonstrating that future investigations should consider adsorbed phosphonates in different WWTP stages. The concentrations of the nitrogen-free PBTC and HEDP, quantified for the first time in European WWTPs at real concentration levels, significantly exceeded the dissolved concentrations of the aminophosphonates (83-85% share in the dissolved total phosphonate content of 131-384 µg/L). The majority of total phosphonate elimination (medians: 90.7% & 87.7%) occurred in the biological stage. PBTC showed the lowest elimination of all five phosphonates (medians: 87.2% & 82.5%). A sand filtration stage did not improve the removal of dissolved phosphonates. By activated carbon treatment, in contrast, enhanced elimination of dissolved phosphonates (median: 96.4%) was achieved, presumably promoted by the iron-containing precipitant. The proportion of phosphonate-P in the DUP fraction was consistently 10-40% throughout all WWTP stages. Thus, the DUP elimination correlates well with the elimination of dissolved phosphonates. In the future, phosphonates, their synthesis by-products, and metabolites may become more relevant for WWTP operators, considering increasingly stringent P limit values and the increase of phosphonate use. 
